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Abstract
The spin of the τ lepton in the semiletonic process B
0 → D+τ−ν can be polarized
in the direction which is normal to the reaction plane, if the charged Higgs boson
exists and its coupling to quarks has a complex phase. We calculate this transverse
polarization of the τ lepton by using the experimentally measured B to D transition
form factors.
PACS codes: 12.39.Hg, 13.20.He, 13.20.-v, 13.25.Hw
Since the charged Higg boson effects can be important in the purely leptonic
and the semileptonic decays of B mesons, these decays can be used to extract the
constraints on the parameters of the two-Higgs-doublet model [1]. Ref. [2] showed
that the angular asymmetry of the lepton momentum in the semileptonic B-decay
is useful for this extraction. Ref. [3] studied the effect of the charged Higgs boson
on the longitudinal polarization of the final tau lepton in the semileptonic B-decay.
The transverse polarization of the final tau lepton in the semileptonic B-decay was
studied in order to investigate the effect of the charged Higgs boson [4, 5, 6, 7]. Ref.
[8] found that we can use the angular distribution of the final pion produced from
the final tau lepton in the semileptonic B-decay for this extraction, and from the
experimental result of the branching ratio of B → τν they obtained the constraint
that the absolute value of gS−1 should be near 1 in the MSSM situation with gP = gS.
For three example values of gS = 0, 2, and 1+ i which satisfy this constraint, Ref. [8]
presented the angular distribution of the final pion. In this paper we show that the
imaginary part of gS can be extracted by studying the polarization, transverse to the
rection plane, of the final tau lepton in the semileptonic B-decay. These investigations
are especially important because of recent impressive experimental progresses in the
processes B → Dτν and B → τν [9, 10, 11, 12, 13, 14].
From Lorentz invariance one finds the decomposition of the hadronic matrix ele-
ment in terms of hadronic form factors:
< D+(p)|cγµb|B0(P ) > = (P + p)µf+(q2) + (P − p)µf−(q2)
=
(
(P + p)µ − M
2 −m2
q2
qµ
)
F1(q
2) +
M2 −m2
q2
qµ F0(q
2) . (1)
We use the following notations: M = mB represents the initial meson mass, m = mD
the final meson mass, ml the lepton mass, P = pB, p = pD, and qµ = (P − p)µ. The
form factors F1(q
2) and F0(q
2) correspond to 1− and 0+ exchanges, respectively. At
q2 = 0 we have the constraint F1(0) = F0(0), since the hadronic matrix element in
(1) is nonsingular at this kinematic point.
The differential decay rate is given by
dΓ =
1
(2π)3
1
32M3
|M|2 dq2 dt , (2)
where in the standard model
M = GF√
2
Vcb < D
+(p)|cγµ(1− γ5)b|B0(P ) > ul(k)γµ(1− γ5)vν(k) . (3)
We use the notations: k = pl−, k = pν , q
2 = (P−p)2 = (k+k)2, t = (P−k)2 = (p+k)2,
and u = (P − k)2 = (p+ k)2.
Let us work in the q rest frame. We use the notation Λ(q2) = 1
M2
((M2 + m2 −
q2)2 − 4M2m2)1/2. We work in the coordinate system in which we have the following
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expressions: q = (
√
q2, 0, 0, 0), P = pB = (EB, 0, 0, |~pD|), p = pD = (ED, 0, 0, |~pD|),
pl = (El, |~pl| sin θ, 0, |~pl| cos θ), |~pD| = M2
2
√
q2
Λ(q2), EB =
1
2
√
q2
(M2 −m2 + q2), ED =
1
2
√
q2
(M2 −m2 − q2), |~pl| = 1
2
√
q2
(q2 −m2l ), El = 1
2
√
q2
(q2 +m2l ).
From (1), (2) and (3), we get [15, 16]
dΓ(B
0 → D+l−ν)
dq2d cos θ
=
G2F
28π3
|Vcb|2M3 Λ(q2) (1− m
2
l
q2
)2 (4)
×
[
− (Λ(q2))2 (1− m
2
l
q2
)F1(q
2)2 cos2θ
+2Λ(q2)
m2l
q2
(1− m
2
M2
)F1(q
2)F0(q
2) cos θ
+ (Λ(q2))2 F1(q
2)2 +
m2l
q2
(1− m
2
M2
)2 F0(q
2)2
]
,
where the allowed range of q2 is given by
m2l ≤ q2 ≤ (M −m)2. (5)
After the θ integration of (4) over the range 0 ≤ θ ≤ π, the q2 distribution of the
decay rate is given by
dΓ(B
0 → D+l−ν)
dq2
=
G2F
192π3
|Vcb|2M3 Λ(q2) (1− m
2
l
q2
)2 × (6)
[
(Λ(q2))2 (1 +
1
2
m2l
q2
)F1(q
2)2 +
3
2
m2l
q2
(1− m
2
M2
)2 F0(q
2)2
]
.
When there exists the charged Higgs boson, the transition matrix element M
given in (3) is modified by the contribution of the charged Higgs boson:
M˜ = GF√
2
Vcb
[
< D+(p)|cγµ(1− γ5)b|B0(P ) > ul(k)γµ(1− γ5)vν(k) (7)
− mbml
M2
< D+(p)|c(gS + gPγ5)b|B0(P ) > ul(k)(1− γ5)vν(k)
]
.
Using
< D+(p)|cb|B0(P ) > = M
2 −m2
mb −mc F0(q
2) , (8)
from (1), (2) and (7), we get
dΓ(B
0 → D+l−ν)
dq2d cos θ
=
G2F
28π3
|Vcb|2M3 Λ(q2) (1− m
2
l
q2
)2 (9)
×
[ 1
2
A(q2, θ) +
1
2
B(q2, θ) ~n · yˆ
]
,
3
where yˆ = (~pD × ~pl)/|~pD × ~pl|, ~n is unit vector in the spin direction of l−, and
A(q2, θ) =
[
− (Λ(q2))2 (1− m
2
l
q2
)F1(q
2)2 cos2θ (10)
+ 2Λ(q2)
m2l
q2
(1− m
2
M2
) Re[F1(q
2) F˜0(q
2)] cos θ
+ (Λ(q2))2 F1(q
2)2 +
m2l
q2
(1− m
2
M2
)2 |F˜0(q2)|2
]
,
B(q2, θ) = −2 Im[gS] 1
1− mc
mb
Λ(q2) (1− m
2
M2
)
ml
M
√
q2
M
F1(q
2)F0(q
2) sin θ , (11)
where
F˜0(q
2) =
(
1− gS 1
1− mc
mb
q2
M2
)
F0(q
2) . (12)
In (11) we used the notation gS = Re[gS] + i Im[gS] in which Re[gS] and Im[gS] are
real. The second term in (9) is proportional to the vector product ~n · (~pD× ~pl) which
is the correlation of the l− spin and the momenta of D+ and l−, and so it corresponds
to a single-spin asymmetry. From (9) we obtain the transverse spin polarization of
l− as
Py(q2, θ) = dΓ[~n · yˆ = +1]− dΓ[~n · yˆ = −1]
dΓ[~n · yˆ = +1] + dΓ[~n · yˆ = −1] =
B(q2, θ)
A(q2, θ)
. (13)
For the B to D meson (heavy to heavy) transition form factors, the heavy quark
effective theory gives [17]
F1(q
2) =
M +m
2
√
Mm
G(ω) , F0(q2) = 2
√
Mm
M +m
ω + 1
2
G(ω) , (14)
where ω = (M2+m2−q2)/(2Mm) and G(ω) is a form factor which becomes the Isgur-
Wise function in the infinite heavy quark mass limit. We use the parameterization of
G(ω) given in [18]:
G(ω)
G(1) = 1− 8ρ
2
Dz + (51ρ
2
D − 10)z2 − (252ρ2D − 84)z3 (15)
with z = (
√
ω + 1−√2)/(√ω + 1 +√2). We use the world average values given in
[19]:
G(1)|Vcb| × 103 = 42.69± 0.72± 1.27 , ρ2D = 1.20± 0.04± 0.04 . (16)
For explicit calculations with (9) and (13), we use the form factors given by (14),
(15) and (16). Ref. [8] obtained the constraint that the absolute value of gS − 1
should be near 1 in the MSSM situation with gP = gS from the experimental result
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of the branching ratio of B → τν. We perform explicit calculations at first with three
example values of gS = 0, 2, and 1+i which satisfy this constraint, following what was
done in Ref. [8]. Then, we also consider a more general case of gS − 1 = eiα, which
satisfies the above-mentioned constraint. For the numerical value of mc
mb
appearing in
(11), we use 0.2 which is the value Ref. [8] used.
Fig. 1 shows the result from (9) for gS = 0, which is the same as that from
(4). By integrating (9) over the angle, we obtain the graphs given in Fig. 2 for
gS = 0, 1 + i, 2. For reference, we calculate the decay rate for real values of gS in
the range of 0 ≤ gS ≤ 4 by integrating (9) over the angle and q2 to get the result
presented in Fig. 3. We calculate the transverse spin polarization of the tau lepton
by using (13) when gS = 1+ i, and its result is given in Fig. 4. The graphs in Fig. 5
are given from the result presented in Fig. 4 at fixed values of θ; θ = pi
4
, pi
2
, 3pi
4
, 7pi
8
.
Then, we consider the case of gS − 1 = eiα by adopting the constraint obtained in
Ref. [8]. We calculate the decay rate by integrating (9) over the angle and q2 and
obtain the α dependence of the decay rate presented in Fig. 6. We also calculate the
global polarization, which is defined as the integration of the numerator in (13) over
the angle and q2 divided by that of the denominator in (13), and get the result given
in Fig. 7.
We derived the formula for the transverse spin polarization of the τ lepton in
the semiletonic process B
0 → D+τ−ν, which is expressed in terms of the coupling
constant gS and the B to D transition form factors. This formula shows that the
τ lepton can be transversely polarized when the charged Higgs boson exists and its
coupling to quarks has a complex phase. We performed explicit calculations of this
transverse polarization by using the experimentally measured B to D transition form
factors. Experimental investigation of this transverse polarization, with the BaBar
and Belle data and in LHCb and Belle II, should be important for the study of
the charged Higgs boson. If this transverse polarization is measured to be nonzero
experimentally, it could be the implication that the charged Higgs boson exists and
its coupling to quarks has a complex phase.
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Figure 1: 1017 × dΓ/dq2 dθ (GeV−1) for gS = 0.
4 6 8 10
0
2
4
6
4 6 8 10
0
2
4
6
q2
10
16

dG
Hq
2 L
d
q2
HG
eV
-
1 L
Figure 2: 1016 × dΓ/dq2 (GeV−1) for gS = 0, 1 + i, 2 in sequence from the top
to the bottom.
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Figure 3: 1015 × Γ(gS) (GeV) for real gS
Figure 4: Py(q2, θ) for gS = 1 + i.
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Figure 5: Py(q2, θ) for gS = 1 + i, at θ = pi4 , pi2 , 3pi4 , 7pi8 in sequence from the
bottom to the top.
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Figure 6: 1015 × Γ(α) (GeV), α dependence of the decay rate.
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Figure 7: α dependence of the global polarization.
Acknowledgements
This work was supported in part by the Korea Foundation for International Cooper-
ation of Science & Technology (KICOS) and the Basic Science Research Programme
through the National Research Foundation of Korea (2010-0011034).
References
[1] W. S. Hou, Phys. Rev. D 48 (1993) 2342.
[2] C. H. Chen and C. Q. Geng, Phys. Rev. D 71 (2005) 077501 [hep-ph/0503123].
[3] M. Tanaka and R. Watanabe, Phys. Rev. D 82 (2010) 034027 [arXiv:1005.4306
[hep-ph]].
[4] H. Y. Cheng, Phys. Rev. D 26 (1982) 143.
[5] D. Atwood, G. Eilam and A. Soni, Phys. Rev. Lett. 71 (1993) 492
[hep-ph/9303268].
[6] R. Garisto, Phys. Rev. D 51 (1995) 1107 [hep-ph/9403389].
[7] G. H. Wu, K. Kiers and J. N. Ng, Phys. Rev. D 56 (1997) 5413 [hep-ph/9705293].
[8] U. Nierste, S. Trine and S. Westhoff, Phys. Rev. D 78 (2008) 015006
[arXiv:0801.4938 [hep-ph]].
[9] A. Bozek et al. [Belle Collaboration], Phys. Rev. D 82 (2010) 072005
[arXiv:1005.2302 [hep-ex]].
9
[10] J. P. Lees et al. [BaBar Collaboration], Phys. Rev. Lett. 109 (2012) 101802
[arXiv:1205.5442 [hep-ex]].
[11] J. P. Lees et al. [BaBar Collaboration], Phys. Rev. D 88 (2013) 7, 072012
[arXiv:1303.0571 [hep-ex]].
[12] J. P. Lees et al. [BaBar Collaboration], Phys. Rev. D 88 (2013) 3, 031102
[arXiv:1207.0698 [hep-ex]].
[13] I. Adachi et al. [Belle Collaboration], Phys. Rev. Lett. 110 (2013) 13, 131801
[arXiv:1208.4678 [hep-ex]].
[14] B. Kronenbitter et al. [Belle Collaboration], arXiv:1503.05613 [hep-ex].
[15] J. G. Ko¨rner and G. A. Schuler, Phys. Lett. B 231 (1989) 306; Z. Phys. C 46
(1990) 93.
[16] D. S. Hwang and D. W. Kim, Eur. Phys. J. C 14 (2000) 271.
[17] N. Isgur and M. B. Wise, Phys. Lett. B 232, 113 (1989); 237, 527 (1990).
[18] I. Caprini, L. Lellouch and M. Neubert, Nucl. Phys. B 530, 153 (1998).
[19] V. G. Luth, Ann. Rev. Nucl. Part. Sci. 61 (2011) 119.
10
